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SECTION I 

1.0 SUMMARY 

The demand for more e f f i c i e n t  and economical  e n g i n e s  c o n t i n u e s  
to push t h e  i n d u s t r y  toward h i g h e r  t u r b i n e  o p e r a t i n g  t empera tu res .  
The a b i l i t y  to  m a i n t a i n  t h i s  t r e n d  is s t r o n g l y  t i e d  to  advancements 
i n  material  technology.  S i n g l e - c r y s t a l  (SC) c a s t i n g s  o f f e r  many 
s i g n i f i c a n t  advantages ,  such as h i g h e r  m e l t i n g  p o i n t  and h i g h e r  
s t r e n g t h ,  over: t u r b i n e  materials c u r r e n t l y  used i n  p r o d u c t i o n  
engines .  The goals of MATE Project 3 were to  deve lop  a low-cost 
c a s t i n g  process c a p a b l e  of producing SC t u r b i n e  blades and t o  
demons t r a t e  t h e  c a p a b i l i t y  of t h e  SC blades through e x t e n s i v e  prop- 
e r t y ,  r i g ,  and e n g i n e  t e s t i n g .  

The fo l lowing  accomplishments a re  t h e  most s i g n i f i c a n t  program 
g o a l s  achieved  : 

0 I n c o r p o r a t i n g  t h e  MATE h igh -p res su re  ( H P )  t u r b i n e  blades 
and s u p p o r t  hardware i n t o  t h e  t es t  eng ine  reduced TSFC by 
1.4 p e r c e n t  and T5 ( i n t e r t u r b i n e  t empera tu re )  by 2.5 per-  
c e n t ,  compared to  t h e  b a s e l i n e  eng ine  wi th  uncooled 
d i r e c t l o n a l l y  s o l i d i f i e d  ( D S )  H P  t u r b i n e  blades 

0 The MATE s i n g l e - c r y s t a l  t u r b i n e  blades, both NASAIR 1 0 0  

and A l l o y  3 ,  s u c c e s s f u l l y  completed ove r  200 h o u r s  of 
endurance  eng ine  t e s t i n g  w i t h  no s i g n s  of d i s t ress  

o The exothermic  c a s t i n g  process was s u c c e s s f u l l y  deve l -  
oped i n t o  a low-cost n o n p r o p r i e t a r y  method for producing  
s i n g  l e - c r y s t a l  c a s t i n g s  

Project 3 was d i v i d e d  i n t o  seven  t a s k s .  I n  T a s k  I ,  t h e  exo- 
the rmic  c a s t i n g  process w a s  modified to  c o n s i s t e n t l y  produce 

1 



acceptable so -pressure tur ine blades for the TFE731 
turbofan e ine. This effort focused on the castability and base- 
line mechanical pro erties of blades produced with MAR-M 247. 

During Task 11, SC alloy derivatives of the MAR-M 247 alloy 
were assessed for castability, microstructure, and improvements in 
mechanical properties. Two of these SC compositions, NASAIR 100 
and Alloy 3, were selected for detailed characterization. 

In Task 111, mechanical, environmental, and physical proper- 
ties of SC NASAIR 100 and Alloy 3 were quantified. Mechanical 
property testing included creep rupture, tensile, and high- and 
low-cycle fatigue, and the determination of the effects of protec- 
tive coatings, Environmental’characterization included coated and 
uncoated oxidation and hot-corrosion tests. Physical properties 
measured included density, elastic modulus, thermal expansion, and 
thermal conductivity. 

The SC HP turbine blade was designed in Task IV to utilize the 
improved mechanical properties of the prime SC alloy (NASAIR 100). 

During Task V, two full sets of SC turbine blades and the 
required support hardware for both rig testing and the Task VI 
engine testing were manufactured. Rig and bench testing were also 
completed in Task V. 

The results of the first five project tasks and the achieve- 
ment of their related goals are presented in Volume 1 of the 
Project 3 Final Report (CR-168218, Garrett No. 21-4314-1). The 
kesults of the final two tasks--Task VI Engine Testing and Task VI1 
Post-Test Evaluation--are presented in this document (Volume 2)- 

The Task VI Engine Testing was successfully completed. Test- 
ing consisted of back-to-back performance testing of a production 
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configuration TFE731 engine with uncooled DS HP turbine blades and 
the same engine with the ,uncooled MATE SC HP turbine blades and 
related support hardware. This testing showed that the MATE engine 
configuration reduced TSFC by 1.4 percent and T5 by 2.5 percent. 
Performance testing was followed by 200 hours of endurance engine 
testing, divided into the following four 50-hour segments: 

0 50-hours of high-cycle-fatigue (HCF) evaluation 

0 50 

0 50 

0 50 

None of 
ing visually 
was verified 
Task VII. 

hours of maximum power (stress-rupture evaluation) 

hours of simulated commercial mission 

hours of low-cycle-fatigue (LCF) evaluation. 

the blades subjected to the 200 hours of engine test- 
showed any detrimental effects from the testing. This 
by the post-test metallurgical evaluation performed in 
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SECTION I1 

2.0 INTRODUCTION 

The NASA Materials for Advanced Turbine Engines (MATE) Program 
is a cooperative effort with industry to accelerate introduction of 
new materials into aircraft turbine engines, As part of this 
effort, Garrett Turbine Engine Company (GTEG) was authorized under 
NASA Contract NAS3-20073 to develop a new technique for manufactur- 
ing low-cost, single-crystal (SC), uncooled cast turbine blades to 
reduce SC casting costs and improve fuel consumption in advanced 
turbofan engines. The process development included those efforts 
required to transfer the technoloqy from the previously demon- 
strated feasibility stage through component demonstration and 
engine test. Portions of the overall effort included process 
scale-up, alloy evaluations, mechanical property generation, hard- 
ware procurement, component testing, and full-scale engine testing 
to evaluate potential benefits. 

This report constitutes Volume 2 of a two-volume Project Com- 
pletion Report presenting the results of the investigations and 
tests performed under MATE Project 3, Low-Cost Single-Crystal Tur- 
bine Blades. This volume covers only the Project 3 full-scale 
engine testing and post-test analysis. All other aspects of this 
project are covered in Volume 1 of this report. 

The intent of Project 3 was to develop a low-cost process to 
produce single-crystal, uncooled turbine blades and to design and 
substitute this blade for the solid, directionally solidified (DS) 
turbine blade used in the high-pressure turbine of the GTEC TFE731 
turbofan engine. 

Project goals associated with this program included the fol- 
lowing : 
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0 Development of a nonproprietary, lo -cost SC casting pro- 
cess 

0 'Improvement of the stress-rupture capability of the SC 
alloys relative to DS 

0 Design of an uncooled HP turbine blade to use the SC 
material 

0 Demonstration of uncooled SC turbine blades through com- 
ponent and engine testing, 

Project 3 was subdivided into the following seven tasks: 

Task I - Casting Technology 
Task I1 - Alloy/Process Selection 
Task I11 - Property Characterization 
Task IV - Blade Design 
Task V - Component Hanufacture and Testing 
Task VI - Engine Testing 
Task VI1 - Post-Test Evaluation 

Tasks I through V are covered in detail in Volume 1 of this 
Project Completion Report.' In this document, Volume 2, Task VI - 
Full-scale Engine Testing and Task VI1 - Post-Test Evaluation are 
covered in detail, including recommendations concerning the future 
of the exothermic SC casting process and SC HP turbine blades. 

The results of Tasks VI and VII--project completion informa- 
tion--are restricted by the NASA For Early Domestic Dissemination 
(FEDD) policy. The FEDD legend, describing the requirements of 
this policy, is printed on the cover of this document. 

6 



SECTION I11 

3,O FULL-SCALE ENGINE TESTING 

Scope 

The objectives of the Task VI Engine Testing were as follows: 

(1) Verify the anticipated reduction in TSFC with the SC tur- 
bine blades 

(2) Demonstrate the durability of both the material and the 
design of the new blade. The program required that the 
HP blades produced in Task V be subjected to 200 hours of 
typical engine operating conditions in an appropriate 
GTEC engine. 

The Task VI Engine Testing of the fully processed HP turbine 
blades consisted of back-to-back performance tests followed by four 
50-hour endurance test segments chosen by GTEC and approved by 
NASA. The performance test was designed to compare a production DS 
turbine configuration with the same engine using the MATE Project 3 
SC turbine blades, The four 50-hour test segments, in the order 
performed, were designed to evaluate the resistance of the SC blade 
to high-cycle fatigue, stress-rupture, a simulated commercial mis- 
sion, and low-cycle fatigue. These test conditions were chosen to 
allow direct comparison of the SC blades produced in this project 
with the production DS uncooled (solid), MAR-M 247 turbine blades. 
The test cycles for these four test segments are shown in Figures 
1, 2, 3, and 4, The blade substitution schedule presented in Table 
1 was used to expose groups of test blades to single and multiple 
loading conditions established by the test parameters of the four 
50-hour tests. This substitution plan permitted comprehensive 
post-test evaluation of the individual and combined effects of the 
four test segments by both nondestructive and destructive tech- 
niques 
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TABLE 1. BLADE SUBSTITUTION PLAN FOR MATE PROJECT 3 ENGINE TEST. 

Material 

NASAIR 100 

A l l o y  3 

T o t a l s  

Number of B l a d e s  Subst i tuted for E a c h  T e s t  C y c l e  

A B C D A+B B+C C+D A+D A+B+C B+C+D A+B+C+D T o t a l s  

2 2 2  2 2 1 4  1 1 18 35 

2 1 1 1 34 39 

2 2 2 2 * 2  2 2* 4* 2 2* 52* 74 
1 1 .  I i 

A = 50-Hour High-Cycle-Fa t igue  E v a l u a t i o n  ( F i g u r e  1) 

B = 50-Hour Stress-Rupture E v a l u a t i o n  ( F i g u r e  2 )  

C = 50-Hour Simulated M i s s i o n  E v a l u a t i o n  ( F i g u r e  3) 

D = 50-Hour Low-Cycle-Fatigue E v a l u a t i o n  ( F i g u r e  4 )  

*Blades  i n  e n g i n e  a t  end  of 200-hours 

3.1 P e r f o r m a n c e  T e s t i n q  

The MATE P r o j e c t  3 SC H P  t u r b i n e  b l a d e  is e s s e n t i a l l y  t h e  same 
conf igu ra t ion  as t h e  p r o d u c t i o n  D S  t u r b i n e  b l a d e ,  except f o r  t h e  

a d d i t i o n  of a t i p  w i n g l e t  and an  a f t  p l a t f o r m  f l o w  d i s c o u r a g e r .  T o  
accommodate t h i s  new blade d e s i g n ,  minor  modif icat ions were made t o  
some o f  t h e  surrounding ha rdware .  
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T o  use  t h e  s u p e r i o r  t empera tu re  c a p a b i l i t y  of t h e  SC materi- 
a l s ,  c o o l i n g  a i r  s u p p l i e d  to t h e  fore and a f t  sides of t h e  H P  t u r -  
b i n e  d i s k  was reduced by b lock ing  part  of t h e  c o o l i n g  a i r  e n t r y  
holes. Seals were added between t h e  blades to p r e v e n t  c o o l i n g  a i r  
from l e a k i n g  o u t  and h o t  g a s  from being  i n g e s t e d  between t h e  blade 
platforms, and t h e  f i r t r ee  seal was e l i m i n a t e d  to allow more cool- 
ing  airflow through the fir tree.  The n e t  effect  of these modif ica-  
t i o n s  was to  reduce  t h e  c o o l i n g  airflow w h i l e  m a i n t a i n i n g  adequa te  
c o o l i n g  a i r  to  t h e  d i s k  and blade fir tree.  

Back-to-back performance tests were conducted t o  e v a l u a t e  t h e  
e f f e c t  of t h e  SC blade and s u p p o r t  hardware on t h e  measured e n g i n e  
performance. T e s t i n g  w a s  done i n  a f a n  test cel l  located i n  GTEC's 

Phoenix f a c i l i t y ,  w i t h  s t a n d a r d  i n s t r u m e n t a t i o n .  F i g u r e  5 shows 
t h e  TFE731 i n s t a l l e d  i n  t h e  f a n  test cell .  

Fol lowing t h e  s t a n d a r d  p r o d u c t i o n  e n g i n e  performance b a s e l i n e  
tes t ,  t h e  eng ine  was r e b u i l t  to  t h e  MATE Project 3 c o n f i g u r a t i o n ,  
s u b s t i t u t i n g  t h e  fo l lowing  hardware f o r  t h e  o r i g i n a l  p r o d u c t i o n  
hardware. 

PART NAME 

MATE HPT Blades - NASAIR' 100 
MATE H P T  Blades - Al loy  3 
ITT Duct 
HPT Shroud Segments 
LPT Nozzle  Duct 
Shroud R e t a i n i n g  S l e e v e  
A f t  C u r v i c  Coupling 
H P T  Seal Plate 
HPT Nozzle ,  26 Vane 
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Figure 5 .  TFE731 Engine I n s t a l l e d  i n  Phoenix T e s t  C e l l .  

MP-87768 
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The eng ine  w i t h  t h i s  new hardware w a s  t h e n  r u n  through t h e  
s t a n d a r d  performance c a l i b r a t i o n ,  u s i n g  t h e  same test  cell  and 
i n s t r u m e n t a t i o n  t h a t  was used  for t h e  b a s e l i n e  performance test. 

Reduct ion  of  t h e  performance data to  s tandard-day c o n d i t i o n s  
i n d i c a t e d  t h e  fo l lowing :  

0 The b a s e l i n e  
test l i m i t s .  

0 I n c o r p o r a t i n g  

s t a n d a r d  eng ine  w a s  w e l l  w i t h i n  p r o d u c t i o n  

t h e  MATE Project 3 SC t u r b i n e  blades and 
s u p p o r t  hardware i n t o  t h e  same e n g i n e  produced a measured 
1.4 p e r c e n t  r e d u c t i o n  i n  TSFC and reduced T5 by 2.5 per- 
c e n t .  

These performance improvements are d i r e c t l y  related to  t h e  
i n c r e a s e d  e f f i c i e n c y  of t h e  MATE HP t u r b i n e  blade and t h e  decrease 
i n  c o o l i n g  flow. 

Upon d i sa s sembly  of t h e  eng ine ,  a s l i g h t  r u b  was found a t  
approximate ly  t h e  2 o'clock p o s i t i o n ,  forward l o o k i n g  a f t .  F i g u r e s  
6 ,  7 ,  and 8 show t h a t  the assembly and shroud i n t e r f e r e n c e  was 
minor . 

V i s u a l  and f l u o r e s c e n t  p e n e t r a n t  i n s p e c t i o n  (FPI)  was com- 
pleted after teardown, w i t h  no distressed par t s  i d e n t i f i e d .  Sev- 
e r a l  new blades were s u b s t i t u t e d  for endurance  t e s t i n g ,  and t h e  
wheel w a s  reassembled and ba lanced  f o r  t h e  f i r s t  endurance test. 
T o  a v o i d  f u r t h e r  r u b s ,  t h e  I D  of t h e  stator sh rouds  were r e s i z e d  to 
t h e  maximum diameter allowed for p r o d u c t i o n  engines .  

13 



Figure  6 .  MATE Rotor Assembly After Performance T e s t i n g .  

m-87767 
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MP-07766 

F i g u r e  7. T i p  V i e w  of MATE Rotor Assembly 
Following P e r f o r m a n c e  T e s t .  

15 



Figure  8 ,  BP Turbine Shroud Following Performance T e s t  
MP-87836 of MATE SC Blades. 



3.2 Endurance Testing 

Endurance testing was accomplished in four 50-hour test seg- 
ments with a teardown inspection after each 50-hour test. Figures 
1, 2, 3, and 4 (previously shown) represent the four test cycles 
used during endurance testing, The blade substitution schedule 
presented in Table '1 was used to expose test blades to various com- 
binations of single and multiple loading conditions to isolate the 
effects of the various tests on the blades. 

All endurance testing was done with standard engine monitoring 
instrumentation at GTEC's remote test facility located at San Tan, 
Arizona. 

The first 50-hour test cycle was established to verify the 
MATE Project 3 blade response and evaluate the resistance to high- 
cycle fatigue (Figure 1). This test was accomplished as scheduled. 
N o  operating problems occurred during this test, and all test 
parameters were within limits. Post-test inspection revealed no 
distress on any of the SC blades or support hardware. Blades were 
substituted into the rotor assembly in accordance with the previ- 
ously established substitution plan, the rotor was rebalanced, and 
the engine was reassembled for the second 50-hour endurance test. 

The stress-rupture endurance test cycle used for the second 
test was shown previously in Figure 2, Again, no problems were 
encountered during testing. However, post-test inspection revealed 
that one blade (S/N N27) had lost approximately fifty percent of 
the aft flow discourager. Figure 9A is a sketch of the failed 
blade. N o  other signs of distress were found on the remaining SC 
blades, but moderate foreign object damage (FOD) was found on the 
first and second LP turbine stages. 

Detailed examination of the failed blade indicated that the 
flow discourager web thickness was undersized and contained exces- 
sive porosity due to microshrinkage. Preliminary conclusions were 
that the platform, undersized and weakened by excessive casting 
porosity, could not carry the centrifugal bending load and failed 
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a t  t h e  t h i n n e s t  s e c t i o n .  F u r t h e r  de ta i l s  o f  t h i s  blade examinat ion  
and a n a l y s i s  confirmed t h e  p r e l i m i n a r y  c o n c l u s i o n  and are reported 
i n  t h e  p o s t - t e s t - e v a l u a t i o n  s e c t i o n  of t h i s  report. 

I n  a d d i t i o n  to t h e  v i s u a l  and FPI i n s p e c t i o n s  scheduled  
between endurance tests, t h e  web t h i c k n e s s  of each blade was mea- 
s u r e d  and t h e  c a s t i n g  porosity i n  each web was c a r e f u l l y  e v a l u a t e d .  
Three blades were e l i m i n a t e d  from f u r t h e r  t e s t i n g  due to t h e  com- 
b i n a t i o n  of a t h i n  platform web and e x c e s s i v e  p o r o s i t y ,  

T o  avo id  any chance  o f  a d d i t i o n a l  platform f a i l u r e s ,  a l l  re- 
maining blades were reworked (as shown i n  F i g u r e  9B) t o  reduce  t h e  

F i g u r e  9A. Ske tch  I l l u s t r a t i n g  F i g u r e  9B. Sketch I l l u s t r a t i n g  
Flaw Discourager  Flow Discourager  
F a i l u r e  i n  Blade N27 Rework ,  
During Second 50-Hour 
T e s t .  
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stress i n  t h e  f low d i s c o u r a g e r  reg ion .  The reworked b l a d e s  were 
t h e n  reassembled i n t o  t h e  d i s k  w i th  b l a d e s  s u b s t i t u t e d  a c c o r d i n g  to 
t h e  schedu le .  The rotor was reba lanced ,  t h e  damaged LP t u r b i n e  
components r e p l a c e d ,  and t h e  engine  reassembled for t h e  t h i r d  50- 
hour endurance  test. 

The t h i r d  50-hour test c y c l e  s i m u l a t e d  a t y p i c a l  mi s s ion  f o r  a 
commuter a i r c r a f t  ( F i g u r e  3 ) .  N o  problems were encountered  d u r i n g  
t h i s  test ,  and no s i g n i f i c a n t  changes i n  o p e r a t i n g  parameters were 
observed  as a r e s u l t  o f  t h e  b l a d e  rework .  Post-test i n s p e c t i o n  
found no s i g n s  o f  distress i n  t h e  b l a d e s  or any o t h e r  component. 
Blade s u b s t i t u t i o n s  were a g a i n  made accord ing  to  t h e  schedu le ,  t h e  
wheel r eba lanced ,  and t h e  eng ine  reassembled f o r  t h e  f o u r t h  and 
f i n a l  50-hour test . 

The f o u r t h  50-hour tes t  c y c l e ,  des igned  t o  p r o v i d e  a n  eva lua-  
t i o n  of t h e  low-cycle- fa t igue  c a p a b i l i t y  of t h e  SC b l a d e s ,  is shown 
i n  F i g u r e  4.  Normal a c c e l e r a t i o n s  and d e c e l e r a t i o n s  were main- 
t a i n e d  f o r  a l l  c y c l e s .  N o  s i g n i f i c a n t  eng ine  test  problems were 
encountered  d u r i n g  t h i s  tes t ,  and eng ine  performance remained con- 
s i s t e n t  w i th  p r e v i o u s  t e s t i n g ,  The post-test i n s p e c t i o n  d i d  n o t  
r e v e a l  any d i s c r e p a n c i e s  i n  t h e  SC blades or any o t h e r  hardware.  
F i g u r e s  10 and 11 show t y p i c a l  l e a d i n g  and t r a i l i n g  edge v iews  of 
b l a d e s  tested f o r  t h e  e n t i r e  200 hours .  

Detai led examina t ions  of sample test blades were accomplished 
acco rd ing  to t h e  scheduled  e v a l u a t i o n .  R e s u l t s  of t h e s e  inspec-  
t i o n s  are p r e s e n t e d  i n  t h e  post-test e v a l u a t i o n  s e c t i o n  of t h i s  
report . 

19 



81674-4 

Figure 10 .  Leading-Edge V i e w  of Typical  Blades Subjected to the  
Ent i re  200 Hours of Endurance T e s t i n g .  

MP-87769 
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F i g u r e  11. T r a i l i n g - E d g e  V i e w  of T y p i c a l  Blades S u b j e c t e d  
to the E n t i r e  200 Hours of Endurance  T e s t i n g .  

MP-87776 
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.1 In te r im-Tes t  Blade E v a l u a t i o n  

A f t e r  100 hour s  of t e s t i n g  (Cycles  A and B ) ,  r o u t i n e  examina- 
t i o n  of  t h e  H P  t u r b i n e  rotor i n d i c a t e d  t h a t  one of t h e  SC NASAIR 100 
blades (S/N N27) had lost par t  of t h e  a f t  f low d i s c o u r a g e r .  The 
weight  o f  t h e  mis s ing  piece was estimated a t  abou t  one gram. To 
i d e n t i f y  t h e  c a u s e  of t h i s  f low d i s c o u r a g e r  f a i l u r e  and t o  document 
t h e  m i c r o s t r u c t u r e  of t h e  a i r f o i l ,  t h i s  blade was v i s u a l l y  and 
m e t a l l u r g i c a l l y  examined. These examina t ions  ( F i g u r e s  1 2  and 13 )  
r e v e a l e d  t h a t  t h e  f low d i s c o u r a g e r  web t h i c k n e s s  was s i g n i f i c a n t l y  
below t h e  minimum specified drawing t h i c k n e s s  and o n l y  a b o u t  65 
p e r c e n t  of t h e  ave rage  web t h i c k n e s s .  The p o r t i o n  of  t h e  p l a t f o r m  
web t h a t  fa i led  also had v e r y  h igh  amounts o f  o x i d i z e d  ( s u r f a c e  
connec ted)  porosity. 

FPI and v i s u a l  i n s p e c t i o n  of  t h e  remaining b l a d e s  i n d i c a t e d  
t h a t  comparable p l a t f o r m  p o r o s i t y  was p r e s e n t  i n  many of  t h e  

b l a d e s .  However, no other blades had t h e  e x c e s s i v e  p l a t f o r m  
p o r o s i t y  and below minimum web t h i c k n e s s  t h a t  combined to  produce a 
f a i l u r e .  

M i c r o s t r u c t u r a l  a n a l y s i s  o f  blade S/N N27 a t  o t h e r  l o c a t i o n s  
on t h e  blade w a s  a lso performed ( F i g u r e s  13  and 1 4 ) .  T h i s  a n a l y s i s  
i n d i c a t e d  t h a t  t h e  SC NASAIR 100 b l a d e  had been s o l u t i o n  h e a t -  
treated a t  t h e  upper end of  t h e  s o l u t i o n  hea t - t r ea tmen t  window. 
The e u t e c t i c  gamma prime phase  was comple t e ly  s o l u t i o n e d  and minor 
i n c i p i e n t  m e l t i n g  was observed  i n  t h e  blade root e S u b s t a n t i a l l y  
less m i c r o p o r o s i t y  was noted  i n  t h e  a i r f o i l  t h a n  i n  t h e  blade root. 
Energy d i s p e r s i v e  X-ray (EDX)  a n a l y s i s  was used t o  v e r i f y  t h e  
NASAIR 100 composi t ion  o f  blade S/N N27. 
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Figure 12. Visual Examination of SC NASAIR 100 Blade (S/N N 2 7 )  
Confirms that Substantial Porosity and a Very 
Thin Platform Web Contributed to an Overload 
Fracture of the Flow Discourager Tooth During 
the Second 50-Hour (Maximum Continuous Power) 
Segment of the Engine Test. (Photographs are 
75 percent of indicated magnifications.) MP-87775 
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f 
Figure 13, Extensive Interconnected and Oxidized Porosity (top) 

and Incipient Melting (bottom) Were Present in.the 
NASAIR 10’0 Adjacent to the Failed Platform Web 
(SC NASAIR 100 Blade S/N N27), Photographs are 85 
percent of indicated magnifications, 

25 
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Figure 3.4, A i r f o i l  of Blade S/N N27 Exhibi ted  a 
Microstructure Typical  of F u l l y  Processed 
S C  NASAIR 100, (Photographs a r e  80 percent  
of ind ica ted  magni f i ca t ions . )  

Mp-07770 
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4-2 Post-Test Blade Evaluation 

Following the removal of the flow discourager tooth edge from 
the remaining SC blades (described previously in this report), the 
last two test cycles (C and D) were completed without incident. At 
the completion of the required 200 hours of testing, all NASAIR 100 
and Alloy 3 turbine blades were carefully examined by both FPI and 
visual inspection at magnifications up to 40X. No evidence of 
distress was noted on any of the blades. 

In addition to the FPI and visual inspections, three SC NASAIR 
100 blades (S/N N20, N33, and N48) and one SC Alloy 3 blade (S /N 

A42), which had been exposed to the full 200 hours of the engine 
test, were selected for metallographic examination. The appearance 
of the blades at the conclusion of the test and the location of the 
longitudinal metallographic section are provided in Figure 15. 

Results of the examination of the SC Alloy 3 blade S/N A42 are 
provided in Figure 16. Metallographic examination indicated that 
the single-crystal alloy was fully solutioned with no evidence of 
incipient melting. Minimal porosity was observed in the airfoil, 
with higher amounts present in the blade root. Scanning electron 
microscopy (SEM) indicated that the cubic gamma prime precipitate 
morphology was retained in the blade root and the minimally 
stressed tip region of the airfoil. In contrast, the cubic gamma 
prime phase transformed to platelets aligned perpendicular to the 
applied centrifugal stress in the [OOl] direction in the higher 
temperature portion of the airfoil. Data in the literature indi- 
cates that this gamma prime morphology, commonly known as rafting, 

2,3 occurs at low creep strains and reduces subsequent creep rates. 
Rafting of the gamma prime phase in the airfoil was the only metal- 
lurgical modification associated with operation in this engine. 

Post-test metallographic analysis of the SC NASAIR 100 blades 
indicated that they had been solution heat-treated at the upper 
limit of the heat-treatment window. The eutectic gamma prime had 
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Figure  15. Visua l  Appearance of SC NASAIR 1 0 0  (S/N N 2 0 ,  N33, 
N48) and SC Alloy 3 (S/N A42) Blades a f t e r  t h e  
200-Hour Engine T e s t .  V e r t i c a l  Lines  Indicate 
Locat ion of Longi tudina l  Metal lographic  Sec t ion .  

MP-87838 
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been completely solutioned, and some indications of incipient melt- 
ing were observed in the three blades examined. Results of the 
microstructural examination of Blade S/N N48 illustrate this condi- 
tion (Figure 17). In some instances, the amount of incipient 
melting slightly exceeded the one-volume percent permitted by the 
SC NASAIR 100 specification (see Volume 1) .l This condition, how- 
ever, did not affect the performance of the blades in the engine 
test. 

SEM examination of the SC NASAIR 100 blades indicated that the 
gamma prime phase had undergone modifications similar to the SC 
Alloy 3 material. As shown in Figure 18, the gamma prime phase had 
rafted in the central region of the airfoil. The morphology of the 
rafted gamma prime phase is similar to t h t  reported by Nathal and 
Ebert3 for NASAIR 100 at the initiation of secondary (steady-state) 
creep. The cubic gamma prime phase morphology, which is typical of 
a fully processed casting, was retained in the relatively cool 
blade root and in the lightly stressed, but hotter, airfoil loca- 
tion near the blade tip. 

Two types of minor secondary phases were also observed in the 
SC NASAIR100 turbine blades. A blocky alpha-tungsten phase, which 
is present in as-cast blades, was observed throughout the root, 
airfoil, and tip (Figures 17 and 18). This phase is shown in a high 
magnification SEM photograph in Figure 19. As expected,. the 
nickel-tungsten-rich Mu phase was also observed in the hotter air- 
foil sections of the SC NASAIR 100 blades after the 200-hour engine 
exposure (Figure 20). The Mu phase was most commonly observed in 
the airfoil section, where the rafted gamma prime phase was well 
developed (see Figures 18, 20) . 

It should be noted that extensive long-term testing of SC 
NASAIR 100 specimens (see Volume 1) indicated that the Mu phase, in 
the amounts observed, was innocuous.’ Consistent with this infor- 
mation, the Mu phase did not adversely affect the integrity of the 
SC NASAIR 100 KP turbine blades during the 200-hour engine test. 
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C A 

Figure  17 .  Microstructure  of SC NASAIR 100  HP T u r b i n e  B l a d e  
(S/N N 4 8 )  after 200-Hour E n g i n e  T e s t .  

Mp-90750 
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MA16568 

Figure 18,  Sca i croscope  Photographs (2000X) of 
rbine Blade a f t e r  200-Hour 

Engine T e s t  (S/N N48), 



Figure 19. Appearance of the B l o c k y  Alpha-Tungsten Phase 
(Arrows) in Airfoil Section of SC NASAIR 100 HP 
Turbine Blade. 

Mp-87765 33 



Figure  20.  SEM Photograph and EDX A n a l y s i s  of t h e  Tungsten+ 
N i c k e l  Rich Mu Secondary Phase i n  t h e  A i r f o i l  
S e c t i o n  of an SC NASAIR 100 B lade  (S/N N 4 8 )  
a f t e r  200 Hours of S u c c e s s f u l  Engine T e s t i n g .  

MP-87772 
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SECTION V 

5.0 CONCLUSIONS 

The f o l l o w i n g  c o n c l u s i o n s  were based upon t h e  resul ts  o f  t h e  
eng ine  t e s t i n g  and p o s t - t e s t  a n a l y s i s  of t h e  SC t u r b i n e  b l a d e s  pre- 
s e n t e d  i n  t h i s  report: 

0 I n c o r p o r a t i n g  t h e  MATE H P  t u r b i n e  b l a d e s  and s u p p o r t  
hardware i n t o  t h e  test eng ine  reduced TSFC by 1.4 p e r c e n t  
and T5 by 2.5 p e r c e n t  compared to a b a s e l i n e  eng ine  w i t h  
d i r e c t i o n a l l y  s o l i d i f i e d  H P  t u r b i n e  b l ades .  

0 The MATE s i n g l e - c r y s t a l  t u r b i n e  b l a d e s ,  bo th  NASAIR 100 
and A l l o y  3, showed no s i g n s  of d i s t r e s s  a f te r  success- 
f u l l y  comple t ing  over  200 h o u r s  of  endurance eng ine  
t e s t i n g .  
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SECTION VI 

6.0 RECOMMENDATIONS 

After completion of the engine testing and the post-test 
evaluation of the SC turbine blades, the following recommendations 
can be made: 

0 Blade Design - The SC blade performed well in the engine 
test, both from efficiency and durability standpoints. 
The only change recommended is a review of the aft flow 
discourager design. Better thickness control or a change 
in thickness is required if the tolerances between the 
cast outer surface or the machined inner surface cannot 
be reduced. 

0 Process Control Plan - Due to the changes in the invest- 
ment casting industry since this project was initiated, 
it is recommended not to pursue further development of 
the exothermic SC process. The major casting houses have 
already made the capital investment in withdrawal equip- 
ment, thus eliminating one advantage of the exothermic 
process. Therefore, unless the proprietary aspect of the 
SC withdrawal process becomes a significant problem, fur- 
ther development of the exothermic process i s  not recom- 
mended. 

0 Property Specifications and Blade Acceptance Criteria - 
No changes are recommended in either of these items at 
this time. However, these areas are constantly reviewed 
and compared to engine test experience. Thus, changes in 
either or both may be desired as the GTEC experience base 
grows. 
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